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We fabricated biomimetic hierarchical superhydrophobic surfaces using the Tobacco mosaic virus and investigated the role of each length scale during droplet impact by decomposing the micro and nanoscale components. We found that 10 ll water droplets rebounded at impact velocities greater than 4.3 m/s on the hierarchical surfaces, outperforming the nanostructured surfaces, which underwent an observable wetting transition at an impact velocity of 2.7 m/s. This finding demonstrates that each length scale plays a distinct, but complementary, role in maximizing water repellency during droplet impact and, thus, provides insight into the evolutionary development of highly water-repellant hierarchical plant leaves. Superhydrophobic surfaces have received widespread attention in the past few decades for applications including self-cleaning, 1 drag reduction, 2 and dew resistance. 3 In particular, significant efforts have been focused on engineering surfaces that mimic the superior non-wetting properties of superhydrophobic wetland and aquatic plant leaves, 1, 4, 5 which are composed of a hierarchy of micro and nanoscale features. Such hierarchical surfaces exhibit self-cleaning properties and resist wetting upon persistent rainfall. Because of the abundance of water, these wetland plants do not rely on the intake of moisture through their leaves to hydrate. In fact, their superhydrophobic properties are a necessity for survival. Shedding water from the surface dramatically increases the uptake of CO 2 for photosynthesis, and these self-cleaning abilities limit the growth of bacteria and fungi that would otherwise thrive in such hot moist climates. 4, 6 Figures 1(a)-1(e) show scanning electron micrographs of three, genetically unrelated, plant leaves that are composed of microscale convex cellular protrusions coated with highly textured waxy nanostructures. Similar hierarchical structures are present on water-repellent plant leaves found across the globe that reside in similar biomes. 6, 7 While surfaces mimicking these plant structures have been fabricated using various techniques including molding, 5, 8, 9 etching, 9,10 deposition, 5 and growth, 11 past research indicates that nanoscale features alone can achieve similar static contact angles and contact angle hysteresis in comparison to hierarchical surfaces. 5, 12, 13 These observations raise the question as to why a multitude of genetically dissimilar superhydrophobic plant leaves have independently evolved to contain both nanoscale and microscale surface structures. In this work, we used a biotemplating nanofabrication technique to show that the micro and nanoscale features play distinct, but complementary roles in maximizing the waterrepellency of superhydrophobic surfaces during droplet impact. To study these effects we fabricated biomimetic hierarchical surfaces (Figs. 1(f)-1(h)) using the self-assembly and functionalization of the Tobacco mosaic virus (TMV) [14] [15] [16] onto microfabricated pillars as shown in Fig. 1 (i) (see supplemental material for fabrication details 33 ). Figure 2 shows the six surfaces fabricated for the study. The advancing and receding contact angles of flat surfaces both with ( Fig. 2(d) ) and without ( Fig. 2(a) and contact angle hysteresis values of less than 2 (rolloff tilt angles <0. 25 ). These results highlight the fact that hierarchical geometries characteristic of a number of wetland plant leaves have a negligible effect on the wetting of static droplets and, therefore, cannot reasonably explain the presence of two distinct geometric length scales.
The role of each length scale became evident by studying the dynamics of droplet impact. Droplets typically in the 9, 24 surfaces. This work, however, spans the range of droplet velocities necessary to demonstrate the superior water repellency of hierarchical surfaces in comparison to nanostructured surfaces. Furthermore, this nanofabrication technique offers a simple and flexible method to decompose the hierarchical structures into their nano and micro scale components without compromising size, shape, orientation, and/or coverage. The low temperature process can coat various microstructured surfaces, which is in contrast to other techniques in which both length scales are simultaneously fabricated 11 or an inherent directionality results in non-uniform nanostructured coatings. 8, 9 Each of the fabricated surface types was subjected to the impact of 10 ll droplets (diameter, D ¼ 2.7 mm) at speeds ranging from 0.2-4.3 m/s, corresponding to droplet Reynolds numbers and Weber numbers (defined using the droplet diameter and impact velocity) ranging from Re ¼ 540-11,610 and We ¼ 1.5-826, respectively. Figures 3(a) and 3(b) show high-speed images of water droplets impacting microstructured (S ¼ 0.38) and nanostructured surfaces above their critical velocities, where wetting was observed for both. Note that, in the present context, we define "wetting" as an observable Cassie-to-Wenzel transition during droplet impact. A large pinned droplet (D $ 1.8 mm) remained on the microstructured surface at a velocity of 2.1 m/s, and a small pinned droplet (D $ 0.6 mm) remained on the nanostructured surface for a velocity of 4.3 m/s. Yet at the same velocity of 4.3 m/s, the hierarchical surface (Fig. 3(c) ) showed no indication of wetting. Splashing and break-up into smaller satellite droplets was observed for both the nanostructured and hierarchically structured surfaces for We $ 150. Figure 4 shows the critical impact velocities, V*, at which wetting of each structured surface was first observed. The criterion for wetting was defined by the minimum pinned drop size resolved by the high-speed imaging system ($100 lm). For speeds higher than V*, the droplet (or some fraction of the droplet) remains pinned to the surface indicating a transition to the Wenzel state in that region. Using deionized (DI) water droplets, the microstructured surfaces wet at relatively low critical velocities <0.2 m/s and 1.4 m/s for the S ¼ 0.13 and S ¼ 0.38 surfaces, respectively, while the nanostructured surface transitioned to a wetted state at 2.7 m/s (see movies in supplementary material 33 ). The critical velocities for the hierarchical surfaces were not determined using DI water due to the maximum speed achievable with the experimental apparatus (limited by the maximum drop height), but exceeded V ¼ 4.3 m/s. Accordingly, an aqueous mixture with 2 wt. % isopropyl alcohol was used to lower the surface tension to c ¼ 60.4 6 0.55 mN/m, 25 resulting in an equilibrium droplet contact angle of h e % 96.5 6 3.6 with a hysteresis of h h ¼ 43.6 6 5.5 on a corresponding smooth, silanated surface. The critical velocities for DI water and the water-alcohol mixture along with the associated critical kinetic energies of the droplets are shown in Fig. 4 . For both liquids, the critical velocities and critical kinetic energies required to wet the hierarchical surfaces were at least $1.5 times and 2-3 times larger, respectively, than that of the nanostructures alone.
For a droplet to transition to a wetted state, it must overcome an energy barrier between the suspended Cassie state and the pinned Wenzel state. This energy barrier was defined by the anti-wetting capillary pressure of the smallest lengthscale structure present on the surface. Therefore, the energy barrier for the nanostructured and hierarchically structured surfaces should be identical. Figure 5 shows the critical dynamic pressure,
, where q is the density of the droplet, scaled by the "sliding mode" anti-wetting capillary pressure, P c ¼ 4 Sccosh a /d(S-1), where h a is the advancing contact angle, 25 as opposed to the "touch down" mode 26, 27 (see supplementary material 33 ). For the case of the hierarchical surfaces, the capillary pressure associated with the nanostructure (i.e., the smallest length scale) was used to define the P d */P c ratio. To estimate P c for the nanostructures, we extracted an effective solid fraction, S eff ¼ 0.03 from the measured apparent equilibrium contact angle (Fig. 2) via the Cassie-Baxter equation. 17 On the samples where wetting transition could be observed, the critical dynamic pressure was at least one order of magnitude smaller than the capillary pressure, P d */P c $ 0.01-0.1. This commonly observed result is attributed to the water hammer effect where large compressible pressures are generated upon impact. 21, 22 Yet, in the case of the hierarchical surfaces, the ratio is more than double that of the nanostructures alone. These results suggest that the The critical values for pure water to wet the hierarchical surfaces exceeded the capabilities of the apparatus; the upward arrows in the graph denote this. microstructural component of the hierarchical surfaces plays a dissipative role that extends the observable wetting transition to impact velocities significantly higher than that of the nanostructure alone. While the inclusion of microstructural component had no discernible effect on the static wetting behavior, it significantly increased the ability of structured surface to withstand transition to a wetted state and repel water droplets during impact.
To explain the role of the microstructure features of the hierarchical surfaces, the nature of the water hammer pressure needs to be considered. During the initial impact of a spherical droplet onto a flat surface, the three-phase contact line between air, water, and the surface is traveling faster than the speed of sound in the liquid leading to compression in the stagnation region. 28, 29 The resulting pressure, P WH $ qCV, where C is the speed of sound and V is the impact velocity, can be up to two orders of magnitude larger than the associated incompressible dynamic pressure, P d . 28, 29 After the three-phase contact line slows below the sonic limit, shock waves overtake the contact line and the fluid jets outwards. The diameter of the compressible region, X, at which the contact line slows to below sonic conditions for a spherical droplet impacting a flat surface is 28, 29 X ¼ DV C :
Naturally occurring raindrops, with diameters, D, of 1-4 mm and terminal velocities of 4-9 m/s, 30, 31 impacting flat surfaces will generate compressible regions with diameters, X, of 2-24 lm. Interestingly, this range of diameters closely matches the length scale of the microstructures found on hierarchical water repellent plant leaves (Figs. 1(a)-1(e) ) and suggests that the addition of surface topology with length scales on the order of the compressible region impedes the development and/or propagation of the pressures generated in the stagnation region.
Qualitatively, we envision the following sequence of events for droplet impact on the hierarchical surfaces. Upon initial droplet impact, the compressible no-flow regions are formed at the tops of the microstructure component. Subsequently, the liquid can expand from these regions of large compression into the space between the microstructures providing an efficient mechanism to release this pressure and limit the plan area of the sample experiencing large water hammer pressures. The nanostructure component will easily wet within the shock region since P WH /P c $ 100. However, the nanostructures outside of the shock region, where the pressure tends toward P d , remain unwetted since P c ) P d . Furthermore, the negligible contact angle hysteresis associated with the nanostructures in the unwetted state allows the liquid between the larger scale microstructure of the hierarchical surface to be expelled, unlike the case of the microstructures alone, such that the droplet is free to de-wet back to the region of the small shock zone during recoil. Collectively, these effects lead to a substantial increase in wetting robustness. Indeed, this view of the impact process may explain the apparent increase in robustness demonstrated by the hierarchical surface with the smallest microstructure solid fraction (see Figs. 4 and 5) by virtue of the larger volume ($1.4Â) available for liquid re-expansion around each nanostructured micropillar (for the same center-to-center spacing).
While the critical velocities of DI water droplets impacting the hierarchical structures were not found (V* > 4.3 m/s), examining the balance between the critical water hammer pressure and the capillary pressure suggests the following scaling:
Considering the results obtained for the water-alcohol mixture, Eq. (2) predicts the critical velocities of the hierarchical structures under water droplet impact to be $4.3 m/s and $4.9 m/s for the surfaces with microstructure solid fractions of S ¼ 0.38 and S ¼ 0.13, respectively. The significance of this result can be appreciated by evaluating the raindrop size distribution during convective rainfall in the West Bengal region of India, a natural habitat of the lotus. 32 We find that approximately 70%-75% of the total rainfall is below the velocity ($5 m/s) successfully repelled by the biomimetic hierarchical surfaces studied in this work. For the nanostructures alone, the percentage drops to $20%. If we now consider the reported intrinsic wettability of the lotus wax, 5 the scaling given by Eq. (2) predicts a critical impact velocity of V* % 8.1 m/s. This result coincides with more than $95% of falling rain drops being repelled by the lotus leaf, which is consistent with observations of the lotus remaining dry following rainstorms in its natural habitat.
In conclusion, by leveraging a conformal biotemplating nanofabrication technique, we have experimentally demonstrated that the micro and nanoscale components of lotuslike hierarchical superhydrophobic surfaces play distinct, but complementary, roles in repelling wetting by droplet impact. The nanoscale component provides a large anti-wetting capillary pressure, while the microscale component impedes the development and propagation of pressures associated with liquid compression. Thus, this work provides insight into the physical principles leading to the evolution of hierarchical water repellent plant leaves and represents a paradigm shift in the design of robust water repellent superhydrophobic surfaces. FIG. 5 . Critical dynamic pressure scaled by the calculated capillary pressure, P d */P c , for DI water and the water-alcohol mixture. For both the nanostructured and hierarchical samples P c is defined using the capillary pressure of the nanoscale structures.
